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Strong-Coupling Superconductivity in BaPd2As2 Induced by Soft Phonons in the
ThCr2Si2-type Polymorph
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The specific heat of two polymorphs of BaPd2As2 was measured. The ThCr2Si2-type polymorph (space group
I4/mmm, D17
4h
, No. 139) is a previously reported superconductor with a transition temperature Tc ≃ 3.5 K, while the
CeMg2Si2-type polymorph (P4/mmm, D
1
4h
, No. 123) is a normal metal and does not exhibit superconductivity down
to 1.8 K. Our results revealed that the ThCr2Si2-type has an anomalously low Debye temperature, indicative of soft
phonons, compared to the CeMg2Si2-type. Moreover, a large specific-heat jump at Tc indicated that the superconductiv-
ity of ThCr2Si2-type is a strong-coupling type, which is likely derived from soft phonons.
Energetically low-lying phonons often result in strong-
coupling superconductivity with an enhanced superconduct-
ing transition temperature Tc.
1–10) Thus, engineering materi-
als to produce low-lying phonons has become an important
issue in superconductivity. A promising route to producing
low-lying phonons is a local anharmonic vibration of the ion
that is weakly bound in a cage-like structure. Such a vibra-
tion is called a rattling phonon and characterized by a low-
frequency Einstein mode. A remarkable example is the β-
pyrochlore oxide KOs2O6 with Tc = 9.6 K,
1–4) as well as
Ba3Ir4Ge16 with Tc ≃ 6 K.
5, 6) Another route to producing
low-lying phonons is structural instability that becomes ev-
ident from the occurrence of a structural phase transition due
to applied pressure or chemical doping. Prominent exam-
ples of such superconductors include the 122-type pnictides
BaNi2(As1−xPx)2 with Tc = 3.3 K,
7) BaNi2(Ge1−xPx)2 with Tc
= 2.9 K,8) and Ba(Ni1−xCux)2As2 with Tc = 3.2 K,
9) all of
which exhibit strong-coupling superconductivity because of
a structural phase transition and the subsequent phonon soft-
ening characterized by an anomalously low Debye frequency.
TheMnP-type compound IrGe with Tc = 4.7 K is a rare exam-
ple that exhibits strong-coupling superconductivity with low-
lying phonons but does not exhibit a structural phase transi-
tion.10) Such superconductors suggest how low-lying phonons
may be produced for enhancing superconductivity.
The title compound BaPd2As2 has been known to
crystallize in three forms: ThCr2Si2-type (space group
I4/mmm, D17
4h
, No. 139),11) CeMg2Si2-type (P4/mmm, D
1
4h
,
No. 123),12) and the intergrowth structure of CaBe2Ge2-type
and CeMg2Si2-type (I4/mmm).
12) The ThCr2Si2-type struc-
ture consists of PdAs4 tetrahedra, while the CeMg2Si2-type
consists of PdAs4 planar squares, as shown in Figs. 1(a)
and 1(b), respectively. The intergrowth structure, shown in
Fig. 1(c), consists of Pd4As tetrahedra, which are character-
istic of the CaBe2Ge2-type structure such as BaPt2As2,
13, 14)
∗E-mail: kudo@science.okayama-u.ac.jp
†E-mail: nohara@science.okayama-u.ac.jp
as well as PdAs4 planar squares, which are characteristic of
the CeMg2Si2-type structure. Guo et al. reported supercon-
ductivity at Tc = 3.85 K for the ThCr2Si2-type structure.
15)
This Tc of BaPd2As2 is anomalously high comparedwith Tc =
1.27 and 0.92 K for CaPd2As2 and SrPd2As2, respectively,
16)
which are isoelectronic and isostructural with BaPd2As2 of
the ThCr2Si2-type structure. On the other hand, no bulk su-
perconductivity was observed for BaPd2As2 when the struc-
ture is the CeMg2Si2-type.
16) These observations suggest that
a key factor in enhancing Tc may be present in BaPd2As2.
In this paper, we present the results of our synthesis of
two polymorphs of BaPd2As2, namely, ThCr2Si2-type and
CeMg2Si2-type, along with the results of specific-heat mea-
surements. We found that when the structure was ThCr2Si2-
type, BaPd2As2 exhibited superconductivity at Tc = 3.5 K
with a large specific-heat jump at the superconducting tran-
sition ∆C/γTc = 2.3, where γ is the electronic specific-heat
coefficient, which indicated that the superconductivity was
a strong-coupling type. Further, low-lying phonons, which
manifested themselves at an anomalously low Debye tem-
perature ΘD = 144 K, was observed in the normal-state
specific-heat data. On the other hand, when the structure was
CeMg2Si2-type, BaPd2As2 did not exhibit superconductivity,
and the Debye temperature of ΘD = 259 K was a typical value
for 122-type pnictides.
Each polymorph of BaPd2As2, ThCr2Si2-type or
CeMg2Si2-type, was selectively synthesized with differ-
ent conditions. Single crystals were obtained for both
polymorphs. The condition for obtaining the ThCr2Si2-type
was strict. First, a mixture of Pd:As = 1:1.5 was sealed in an
evacuated quartz tube, heated at 500 ◦C for 10 h, and then
heated at 750 ◦C for 40 h, followed by furnace cooling. The
ampule was heated repeatedly at 800 and 850 ◦C, following
at 500 ◦C in each process, without intermediate grinding.
The resultant lumps of PdAs2 with metallic luster were
separated from the Pd2As powder and pulverized. Second,
stoichiometric amounts of the Ba, Pd, and PdAs2 powders
1
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Fig. 1. (Color online) The crystal structures of BaPd2As2 with (a)
ThCr2Si2-type (space group I4/mmm, D
17
4h
, No. 139),11) (b) CeMg2Si2-type
(P4/mmm, D1
4h
, No. 123),12) and (c) the alternately stacked CaBe2Ge2-type
and CeMg2Si2-type structure (I4/mmm, D
17
4h
, No. 139).12) Blue solid lines
indicate the unit cell. Two unit cells are shown for the CeMg2Si2-type in (b).
were placed in an alumina crucible, sealed in an evacuated
quartz tube, and heated at 900 ◦C for 48 h, followed by
a quenching in iced water. As a result, single crystals of
ThCr2Si2-type were obtained with a typical dimension of
0.1–0.5 × 0.1–0.5 × 0.02 mm3. Note that a larger ratio
of As in the starting composition resulted in As grains in
the quartz tube during the PdAs2 synthesis. In this case, a
mixture of ThCr2Si2-type and CeMg2Si2-type crystals was
obtained, even if the As grains were removed and only PdAs2
lumps were used for the second step. On the other hand, the
condition for obtaining the CeMg2Si2-type was less strict.
We used a precursor PdAs2 synthesized from a mixture with
Pd:As = 1:2. Stoichiometric amounts of Ba, Pd, and PdAs2
were placed in an alumina crucible, sealed in an evacuated
quartz tube, and heated at 700–1150 ◦C, followed by either
quenching in iced water or furnace cooling. Both conditions
resulted in single crystals of CeMg2Si2-type with a typical
dimension of 0.5 × 0.5 × 0.02 mm3. All of these observations
suggest that the CeMg2Si2-type is a stable phase, while the
ThCr2Si2-type is a metastable phase, consistent with total
energies predicted by first-principles calculations.17)
Powder X-ray diffraction (XRD) studies confirmed that the
resulting samples were a single phase of either ThCr2Si2-
type or CeMg2As2-type. The magnetization M and specific
heat C were measured using the Magnetic Property Measure-
ment System (MPMS) and the Physical Property Measure-
ment System (PPMS) by Quantum Design, respectively. The
specific-heat measurement of a standard Cu sample yielded
the electronic specific-heat coefficient γ = 0.694(3)mJ/K2mol
and Debye temperature ΘD = 337.3(9) K, which agreed rea-
sonably well with literature values.18)
The superconducting transition in BaPd2As2 was exam-
ined by magnetization measurements, as shown in Fig. 2(a).
In a manner consistent with previous reports,15, 16) BaPd2As2
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Fig. 2. (Color online) (a) Temperature dependence of the dc magneti-
zation M measured in a magnetic field H of 10 Oe for BaPa2As2 with
ThCr2Si2-type and CeMg2Si2-type structures, under zero-field-cooling and
field-cooling conditions. (b) Temperature dependence of the electronic spe-
cific heat divided by temperature, Ce/T , for BaPa2As2 with ThCr2Si2-type
and CeMg2Si2-type structures. Ce was determined from the total specific heat
C, as shown in Fig. 3. The dashed curve denotes the temperature dependence
of Ce/T calculated based on the α-model,
19) using Tc = 3.48 K, γ = 6.12
mJ/K2mol, and 2∆/kBTc = 4.58, where Tc is the superconducting transition
temperature, γ is the electronic specific-heat coefficient, ∆ is the supercon-
ducting gap at 0 K, and kB is the Boltzmann constant.
exhibited a superconducting transition at 3.85 K with the
ThCr2Si2-type structure, while superconductivity was not ob-
served down to 1.8 K (the lowest temperature measured) for
the CeMg2Si2-type structure.
Figure 3 shows the specific heat divided by the tempera-
ture C/T as a function of the squared temperature T 2. The
normal-state data could be fitted by C/T = γ + βT 2 + δT 4,
where γ is an electronic specific-heat coefficient, β is the co-
efficient of phonon contributions from which the Debye tem-
peratureΘD is estimated, and δ is a constant related to phonon
contributions. As shown in Fig. 3, the slope of the C/T vs.
T 2 curve of the ThCr2Si2-type was significantly steeper than
that of the CeMg2Si2-type, suggesting the presence of signif-
icantly soft phonons in the ThCr2Si2-type structure. We es-
timated the Debye temperature ΘD = 144 and 259 K for the
ThCr2Si2-type and CeMg2Si2-type, respectively. In contrast
to the remarkable difference in the Debye temperature, the
electronic specific-heat coefficient γ showed similar values
2
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Fig. 3. (Color online) The specific heat divided by the temperature, C/T ,
as a function of T 2 for BaPd2As2 with the ThCr2Si2-type and CeMg2Si2-type
structures. The dashed curves denote the fits by C/T = γ+ βT 2 + δT 4, where
γ is the electronic specific-heat coefficient, β is a constant corresponding to
the Debye phonon contributions, and δ is a constant.
for the two structures, as can be seen from the almost iden-
tical intercepts of theC/T vs. T 2 curves along theC/T axis in
Fig. 3. The γ values are summarized in Table I. The observed
γ values were comparable to the first-principles calculation
values, γ = 5.664 and 4.639 mJ/K2mol for the ThCr2Si2-type
and CeMg2Si2-type structures, respectively.
17)
The superconducting transition temperature Tc = 3.5 K,
determined by specific-heat measurements, as shown in
Fig. 2(b), for BaPd2As2 was markedly higher than Tc =
1.27 and 0.92 K for CaPd2As2 and SrPd2As2, respectively.
16)
Correspondingly, the Debye temperature ΘD = 144 K for
BaPd2As2 was anomalously low comparedwithΘD = 276 and
298 K for CaPd2As2 and SrPd2As2, respectively.
16) In con-
trast to the remarkable differences in both Tc and ΘD between
BaPd2As2 and its isostructural compounds, CaPd2As2 and
SrPd2As2, the electronic specific-heat coefficient γ showed
similar values, as summarized in Table I. These obser-
vations suggested that the enhanced superconductivity in
BaPd2As2 originated not from the electronic properties but
from phonons, specifically, from enhanced electron–phonon
coupling due to soft phonons. Indeed, the normalized specific-
heat jump at the superconducting transition ∆Ce/γTc = 2.3,
which was determined based on the α-model,19) as shown in
Fig. 2(b), indicated strong-coupling superconductivity due to
the enhanced electron–phonon coupling in BaPd2As2. On the
other hand, the small value of ∆Ce/γTc ≃ 1 indicated weak-
coupling superconductivity in CaPd2As2 and SrPd2As2.
16)
The anomalously low Debye temperatureΘD and enhanced
superconducting transition temperature Tc in BaPd2As2 was
visualized using a Tc vs. ΘD plot for various 122-type com-
pounds AETM2X2, where AE = Ca, Sr, and Ba; TM =
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Fig. 4. (Color online) (a) The superconducting transition temperature Tc
vs. Debye temperature ΘD, and (b) Tc vs. electronic specific-heat coeffi-
cient γ for AETM2X2 (AE = Ca, Sr, and Ba; TM = Rh, Ir, Ni, and Pd;
X = P and As) with the tetragonal ThCr2Si2-type structure: SrNi2As2,
20)
BaNi2P2,
8) BaNi2(As1−xPx)2 with x = 0.077,
7) CaPd2As2,
16) SrPd2As2,
16)
BaPd2As2 (this work), BaRh2P2,
21) BaIr2P2,
21) BaIr2As2;
22) and the dis-
torted ThCr2Si2-type structure: SrNi2P2
23) and BaNi2As2.
7)
Rh, Ir, Ni, and Pd; and X = P and As, with the tetrago-
nal ThCr2Si2-type and distorted ThCr2Si2-type structures, as
shown in Fig. 4(a). From the figure, lower values of ΘD tend
to have higher values of Tc; note that BaPd2As2 is placed
at the highest value of Tc and lowest value of ΘD among
the family of 122-type compounds with the ThCr2Si2-type
structure, except for iron-based superconductors (not shown)
such as BaFe2As2, in which the mechanism of superconduc-
tivity is different.24, 25) This trend was evident in the series
of CaPd2As2–SrPd2As2–BaPd2As2. However, this trend was
less apparent in SrNi2P2–BaNi2P2 and SrNi2As2–BaNi2As2
likely as a result of the structural phase transition and resultant
structural distortion of SrNi2P2
23, 26) and BaNi2As2.
7, 27) How-
ever, the substitution of tiny amount of P for As in BaNi2As2
3
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Table I. The superconducting transition temperature Tc, electronic
specific-heat coefficient γ, Debye temperature ΘD, and normalized specific-
heat jump ∆Ce/γTc for AEPd2As2 (AE = Ca, Sr, and Ba) with the ThCr2Si2-
type structure (space group I4/mmm, D17
4h
, No. 139) and for BaPd2As2 with
the CeMg2Si2-type structure (P4/mmm, D
1
4h
, No. 123).
Compound Structure type Tc γ ΘD ∆Ce/γTc
(K) (mJ/K2mol) (K)
CaPd2As2* ThCr2Si2 1.27 6.52 276 1.1
SrPd2As2* ThCr2Si2 0.92 6.43 298 1.0
BaPd2As2 ThCr2Si2 3.5 6.1 144 2.3
BaPd2As2 CeMg2Si2 – 5.4 259 –
* Ref. 16.
resulted in an enhanced Tc with lowered ΘD,
7) which was ac-
companied by the suppression of the structural phase transi-
tion,7) and the Tc–ΘD relation became evident in SrNi2As2–
BaNi2(As1−xPx)2 in Fig. 4(a). On the other hand, in the Tc
vs. γ plot, shown in Fig. 4(b), Tc is not obviously depen-
dent on the electronic specific-heat coefficient γ. Moreover,
CaPd2As2–SrPd2As2–BaPd2As2 exhibited different Tc val-
ues, even though they exhibited similar γ-values (approxi-
mately 6 mJ/K2mol). Similarly, the Ni-based compounds also
exhibited quite different Tc values, even though their γ values
were similar (approximately 14 mJ/K2mol).
All of these observations indicated that the determining fac-
tor of Tc was the soft phonons, or energetically low-lying
phonons, of the ThCr2Si2-type structure. For BaNi2As2, the
in-plane vibrations of Ni and As have been predicted to pro-
duce low-lying phonons,28) which eventually resulted in a
structural phase transition that distorted the Ni square network
into zigzag chains,27) thus suggesting freezing of the in-plane
Ni motion. On the other hand, BaPd2As2 did not exhibit a
structural phase transition in spite of the enhanced electron–
phonon coupling. The lack of a structural phase transition
could explain why BaPd2As2 exhibited the highest Tc value
among AETM2X2. The phononmode responsible for the low-
ered Debye temperature ΘD of BaPd2As2 was not clear from
this study.We speculate that the in-plane Pd and As vibrations
have importance, according to the analogy with BaNi2As2,
as well as the first-principles calculations.17, 29, 30) We suggest
the in-plane As vibration has particular importance to low-
lying phonons because the ThCr2Si2-type structure could be
transformed to the CeMg2Si2-type structure by the displace-
ment of As, and vice versa, as can be seen from Figs. 1(a)
and 1(b). Moreover, the ThCr2Si2-type is a metastable phase,
while the CeMg2Si2-type is a stable phase, as we mentioned
above. Thus, we expect that the ThCr2Si2-type polymorph
possesses low-lying phonons due to the structural instability
of metastable phase. If this is the case, polymorphism could
provide another route to producing low-lying phonons and
hence enhanced superconductivity.31, 32)
In conclusion, we have measured the specific heat
of BaPd2As2 with two different forms of BaPd2As2:
the superconducting ThCr2Si2-type (space group I4/mmm,
D17
4h
, No. 139) and non-superconducting CeMg2Si2-type
(P4/mmm, D1
4h
, No. 123). The very large specific-heat jump
at Tc indicated that the ThCr2Si2-type was a strong-coupling
superconductor. Compared with the CeMg2Si2-type and other
ThCr2Si2-type pnictides, an anomalously low Debye temper-
ature was observed in ThCr2Si2-type BaPd2As2, originating
from low-lying phonons. The key factor that enhanced Tc in
BaPd2As2 was low-lying phonons with a Debye temperature
of ΘD = 144 K of the ThCr2Si2-type polymorph.
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